Introduction
The importance of reversible electron-transfer materials is far reaching and contributing to fields so different as chemical reactions in homogeneous solution [2] and material science chemistry of solids [3] . Therefore, to design tailor-made molecular units and to uncover structure/property-relationships is a continuous challenge. Some of the topics which have to be considered along these investigations are: (a) dependency of the redox potentials on the structure, (b) reversibility of the electron-transfer processes, (c) fatique resistance of the electron-transfer active units, (d) stability and structure of the intermediates, and (e) mechanism of multistep electrontransfer either in consecutive one-electron transfer or "two-electron"-transfer steps. The results of these studies may have impacts towards various sections of chemistry, as for example electron transfer catalysis [4] , polargroup transfer vs SET (single electron transfer)-type mechanism [5] , electrochromism [6] , design of new conducting charge-transfer salts [7] , organic photoconductive materials [8] , or even the evaluation of new magnetic materials [9] . n=0, n = 1, n = 2
This study is dealing with substituted furans of the general formula A and related compounds like substituted benzenes, thiophenes, and pyrrols. The structure-dependent reductive electron transfer of these compounds is investigated, using cyclic voltammetry and spectroelectrochemistry as analytical tools [10, 11] . The work is part of a programme to outline the potential of low-molecular-weight carbohydrates as source-chemicals for optoelectronic materials. Hence, the furans of this study were synthesized from sucrose [12] by efficient synthetic multistep procedures [13, 14] .
2. Experimental section 2.1. Electrochemical and spectroelectrochemical experiments All measurements were undertaken at room temperature in purified acetonitrile [15] using 0.1 m tetrabutylammonium hexafluorophosphate (TBAHFP) as supporting electrolyte. Spectroelectrochemistry: Potentiostat Amel 550, thin-layer cell (150 µ ) with optically-transparent ITO-electrodes (as described in [17] ). The electronic spectra were obtained by a Perkin Elmer Lambda 9 spectrophotometer (spectral range from 320 to 2500 nm) and by a Shimadzu 210 UV/VIS spectrophotometer (spectral range 320 to 800). Computerized online registration was applied. Spectroscopic data are given in Table 1 .
To determine the redox potentials of overlapping waves, the tabulated values of Myers/Shain [18] and Richardson/Taube [19] were put together, and by cubic spline interpolation a working curve was obtained which allows to determine " = E°-E¡¡ in the range from 200 mV to -180 mV by the half-width Ep -£p/2 of the signal.
Compounds employed
The compounds involved in this study are given in Scheme 1.
Synthetic procedures: Benzenoid compounds la, 2a and 3a, see: Lit. [20] . Compounds lb, 2b and 3b, see: Lit. [21] . Furanoid difference of first and second reduction wave, and section two (compounds 7b -d, 7g) comprising the compounds showing a single 2e~-wave with a potential difference of less than 0 mV. A discussion of these results will be given afterwards.
For illustration, representative cyclic voltammograms of thiophene 6b, furan 7a and furan 7c are given in Fig. 1 . Radical anion and dianion formations in 6b ( Fig. 1 a) constitute two well-defined one-electron transfer waves. The two half waves in 7a ( Fig. 1 b) are in a process of merging while 7c ( Fig. 1 c) exhibits a clear "two-electron" wave. The formation of the radical trianion of 7d is shown in Fig. 2 [18] . Since that as well as other methods severely rely on certain basic approximations [22] and since for potentials differences °< -180 mV the experimental parameters Ep/2 -Ep approach a limiting value we included spectroelectrochemistry to determine the potential differences (vide infra).
Spectroelectrochemistry
The spectra of the radical anions and dianions of 5, 6 and 7 generated electrochemically were recorded. Whereas cyclovoltammetry of 7b -d and 7g provides unresolved signals for the radical anion and dianion formation the spectra of these intermediates could clearly be obtained by spectroelectrochemistry. The equilibrium constants of the disproportionation equilibria of the radical anions could therefore be determined, and this in turn allowed to calculate the potential differences of the two reduction The results are given in Table 3 . The inverse order of the two redox potentials (Table 3) anion 6b'~has a sharp peak at 655 nm whereas dianion formation is indicated by the appearance of a strong peak at 570 nm. By example of furan 7a (Fig. 5 ) the spectra for a case of less resolved cyclovoltammetric waves are given. Notably, either radical anion formation (Fig. 5, top) well as dianion formation (Fig. 5, bottom) can clearly be monitored. In Fig. 6 the spectra corresponding to the "two-electron" wave reduction process of furan 7b are accumulated, demonstrating that the experimental time scale of spectroelectrochemistry allows to identify the radical anion spectroscopically. If the potential is kept at the onset of the wave (Fig. 6,  top) (Fig. 7) and the aforementioned compounds 7b and 7c. Four isosbestic points establish the ultimate conversion of the neutral compound 7d into a species with a signal at 617 nm, which has to be assigned to the dianion 7d2~. However, a careful inspection of the long-wave-length part of the spectrum uncovers a weak absorption at 930 nm which is likely to be due to the radical anion. The evaluation of the equilibrium of disproportionation, assuming lg = 5 for the absorption band of the radical anion, yields a potential difference of -280 mV. This suggests increased stabilization of the dianion compared to the radical anion.
As already mentioned before polyene 7e shows an electron-transfer behaviour not completely understood yet. Nevertheless, the spectra of the radical anion 7e'~and the dianion 7e2~could undoubtedly be established ( Table 1) . Spectroelectrochemistry of 7g gives approximately the same feature as shown by 7c: Despite the fact that cyclic voltammetry gives a "twoelectron" wave the radical anion can be identified by a absorption band at 821 nm.
The final example dealing with bisvinyl compound 7f delivers less resolved waves in the cyclic voltammogram. Again by spectroelectrochemistry sharp absorptions assigned to the radical anion and the dianion are obtained as shown by the two- (Fig. 8) and three-dimensional (Fig. 9) representations. 
Discussion
These investigations demonstrate three important findings : In the first place the aromatic core in the dicyanovinyl substituted arenes and heteroarenes significantly determines the chemical stability of the radical anions and dianions (reversibility or irreversibility of the electron transfer behaviour) secondly, the length of the unsaturated side chain controls whether the dianion formation occurs in two consecutive one-electron transfer steps or in a two-electron wave, concealing two coupled one-electron transfer reactions, and thirdly the reduction potentials are sensitive to the substituent pattern. Therefore, by "molecular engineering" the electron transfer behaviour of the furanoid compounds can be systematically tuned.
In the following a first attempt is undertaken to improve the understanding of the underlying structural constraints and of the kinetics of the individual electron transfer and chemical steps.
The irreversibility of the electron transfer processes indicated by cyclic voltammetry of the monosubstituted arenes 1, 4, 8 originates from a diffusion controlled reduction accompanied by a fast dimerization of the radical anion. For the phenyl compound la and related systems a detailed investigation of this dimerization reaction is already reported [24] . This suggests a strong localization of the negative charge and spin density on the side group which leads to chemical and consequently kinetic destabilization. The comparison of the meta and para substituted benzenes 2a, 3a and the 2.5-disubstituted heteroarenes 5a, 6a points to a more efficient transmittance of substituent effects through the heterocyclic core unit, leading to a better stabilization of both the radical anion and the dianion of the furan and thiophene derivatives. From these results a charge distribution as indicated by and C is derived (Formula 2). The radical ions of furans 5 and 7 and thiophenes 6 may therefore be incorporated into the group of stable distonie [25] radical ions which exhibit spatial separation of negative charge and spin density [26] . The The extent of the stabilization of the radical anions by spatial separate localization of negative charge and spin density (structure B) also relates to their life-times which at least qualitatively can be obtained from the cyclovoltammograms. While the meta-compound 3a'" dimerizes rapidly (no oxidation peak for the radical anion, even at a scan rate of 5 V/s) the follow-up reaction in the case of 2a'~is significantly slower (an oxidation peak can be observed at scan rates > 250 mV/s). The radical anion 5a'" appears to be stable under the prevailing conditions. The same is true for 6a'". The pyrrol radical anion 9'" undergoes a subsequent reaction presumably under participation of the -H-group. The increase of acceptor strength by additional cyano groups facilitates reduction as expected. In case of the hexacyano substituted furan derivative 5b the half-wave potentials both of the radical anion formation and dianion formation are shifted to more positive values compared to the tetracyano compound 5a (685 mV, respectively 670 mV). The same applies to the thiophene derivatives 6a and 6b leading to slightly smaller potential differences (623 mV and 599 mV). The hexacyano compounds 5b and 6b exhibit b J£f-" = £f-£f, (in mV).
three consecutive one-electron reduction waves, inclusive the reversible formation of trianions (5b2 /5b3 , -1990 mV ; 6b2 76b3 ", -2290 mV).
These observations are on the same line as the results reported on the reduction of meta-and para phenylene compounds 2b and 3b [21] . The dependency of the electrochemical reduction on the substituent pattern is demonstrated by the difference in the standard reduction potentials ( £r_") ( Table 4) .
A fifth nitrile group appears to specifically stabilize the radicals anions compared to the corresponding dianions (cases 5c and 6c) leading to larger potential differences between radical anion and dianion formation. This again advocates the contribution of valence-bond structure and the importance of distonic-type charge distribution.
The hexacyano derivatives 5b and 6b have nearly the same reduction potential for the radical anion formation R/R"-as 7,7,8,8-tetracyanoquinodimethane (TCNQ) ( Table 4 ). The reduction potential of the second wave (R"7R2 ) is anodically shifted in the heteroaryl compounds.
To highlight the effect of extended conjugation of the side chain on the electrochemical behaviour a summary of the redox potentials of compounds 5a and 7a -g is given in Table 5 . Although a quantitative relationship can not be given at this stage a qualitative assessement can be made by considering the potential differences d£ ?_". °-decreases from 350 mV in 5a to 290 mV in 7e, 160 mV in 7f and 135 mV in 7a and amounts to increasing negative numbers in the series 7b, 7c, 7g and 7d. While in 5a, 7a, 7e, and 7f both reduction waves are definitely separated compounds, 7b -d and 7g exhibit a single reduction-wave pertaining to a two-electron redox [22] leads to the conclusion that the heterogeneous rate constants for the formation of the radical anions of 7b -d and 7g are larger than those for the formation of the corresponding dianions kx > k2 [29] quantifies these results under the assumption of structural changes associated with the first electron-transfer step [30] . This could suggest that in our systems the second step may be accompanied by major structural reorganization [31] .
Investigations to specify the mechanism of the electron transfer processes involved in the reduction of 5 -7 are in progress.
The long-wave length absorptions of the neutral compounds 5a -c and 6a -c which have to be assigned to HOMO/LUMO transitions correlate at least on a qualitative level with the reduction potentials of the compounds [32] . This tendency however is not so pronounced in the polyenes 7a -g.
The spectra of the radical anions are strongly shifted towards higher wave-length, compared to the neutral compounds, and display a characteristic pattern with an intense absorption (Ige = 5) in the visible and two additional absorptions reaching into the NIR-region. As already found for the neutral compounds 5a -c and 6a -c there is a correlation relating a red-shift of the intense absorption band and an increasing positive potential for the R'~/ R2 -reduction. The intense absorption maxima of the dianions are in between those of the radical anions and the neutral compounds [33] .
To summarize, by this study it is shown that, unlike to benzenoid compounds, acceptor substituted furans and thiophenes are found to be reversibly reduced to radical anions and dianions. It also turns out that by appropriate substitution the electron transfer properties can be systematically variied. This accounts both to the absolute value of the standardreduction-potential and to the mechanism of multi-electron-transfer. Cyclic voltammetry and spectroelectrochemistry turn out to be complementary techniques to contribute to these investigations.
Outlook and applications
The results given before recommend furans 5 and 7 and thiophenes 6 for applications in several areas, four of which will be briefly addressed in the following:
(a) Prospects as electron-transfer mediators: The usability should benefit from the reversibility of the redox-behaviour, the variability of the redox potentials and the availability of either one-or "two-electron" transfer compounds.
(b) Prospects as stable radical anion salts: The formation of solid-state charge-transfer complexe are under investigation. Refering to the work of Hirsch and Scalapino [34] who showed by Monte-Carlo simulation that theoretically two-electron-transfer reagents ("double valence fluctuating molecules") should have prospect in superconductor chemistry with a high transition-temperatur (Tc) it would be of interest to investigate the "oneelectron-transfer" and the "two-electron-transfer"-compounds alike.
Linear extended anions further seem to increase the transition temperature in radical ion salts [35] .
(c) Prospects as electrochemichromic molecular units: The electrochemical and spectroscopical properties contributing to electrochemichromism is already given in the tables. Scheme 2 compares the furanoid compound 5a and the thiophene 6a. In this respect it is worth to mention that compounds with absorption changes in the near infrared are of interest for optical storage, due to the utilisation of semiconductor lasers and fiber optic transmission in this range of the spectrum [36] . (d) Prospects as organic photoconductive materials: Some of the compounds have potential in the application as photoconductive materials. Two of the reasons are given in the following: J. E. Kuder et al. indicated that in mono-, di-and tri-cyanovinyl substituted aromatic compounds there exists a correlation in the generation of charge carriers and their reduction potential in solution [37] . The same should also apply to the compounds studied in this work. Furthermore, in photoconductive materials there appears to exist a direct correlation of the electrochemical stability of the acceptor components and the limitations of mobility due to trapping [8] .
